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Embryonic development is initiated after the fertilizing sperm contacts the egg and triggers a process termed ``egg activa-
tion,'' resulting in calcium release, cortical granule exocytosis, recruitment of maternal mRNAs, and cell cycle resumption.
Heterotrimeric guanine nucleotide-binding proteins (G proteins) may be involved in mouse egg activation since inhibition
of G protein bg subunits partially inhibits sperm-induced cell cycle resumption. In addition, speci®c events of egg activation
can be initiated in the absence of sperm by acetylcholine stimulation of mouse eggs overexpressing the human m1
muscarinic receptor, a G protein-coupled receptor. In somatic cells, G proteins in the Gq family couple ligand stimulation
of the m1 muscarinic receptor to activation of phospholipase C, resulting in the production of inositol 1,4,5-trisphosphate
(IP3) and IP3-mediated release of intracellular calcium. Since IP3-mediated calcium release is involved in egg activation at
fertilization, we have examined the role of Gq family G proteins in both sperm-independent (muscarinic receptor-mediated)
and sperm-induced egg activation using a function-blocking antibody raised against the common C-terminal region of Gq
and G11 proteins. We show that this antibody effectively inhibits Gq family G proteins in mouse eggs by demonstrating
that the antibody inhibits egg activation in response to stimulation of the m1 muscarinic receptor. This same antibody,
however, does not inhibit sperm-induced egg activation events. These results indicate that although activation of Gq family
G proteins can result in egg activation in the mouse, it is unlikely that these proteins are used by the sperm to initiate
egg activation at fertilization. q 1998 Academic Press
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INTRODUCTION Cobbold, 1985; Miyazaki et al., 1986; Kline et al., 1988;
Kline and Kline, 1992; Tombes et al., 1992). In the hamster
(Miyazaki et al., 1992) and mouse (Xu et al., 1994), as well
Embryonic development is initiated when the fertilizing as echinoderms (Carroll et al., 1997) and frogs (Nuccitelli
sperm interacts with the egg plasma membrane and triggers et al., 1993), the sperm-induced Ca2/ increase is generated
a process termed ``egg activation.'' Egg activation results in by release of Ca2/ from IP3-sensitive intracellular Ca2/
a transient rise in intracellular calcium (Ca2/ ), the stimula- stores. Since IP3 is generated by phospholipase C (PLC)-
tion of cortical granule (CG) exocytosis that causes modi®- mediated hydrolysis of phosphatidyl inositol 4,5-bisphos-
cations of the zona pellucida (ZP) that constitute the block phate (PIP2), activation of a PLC is likely required during
to polyspermy, recruitment and translation of maternal fertilization. Common signaling pathways known to result
mRNAs, completion of meiosis, and conversion to a mitotic in activation of PLC and production of IP3 include hetero-
cell cycle (Schultz and Kopf, 1995). A transient increase in trimeric guanine nucleotide-binding protein (G protein)-
intracellular Ca2/ occurs at fertilization in all species stud- coupled receptors, receptor tyrosine kinases, and cyto-
ied to date, including echinoderms, vertebrates, and even plasmic tyrosine kinases (Rhee and Choi, 1992).
¯owering plants (Jaffe, 1985; Miyazaki et al., 1993; Digon- Experiments that either stimulate or inhibit endogenous
net et al., 1997). This Ca2/ response is required to initiate egg G proteins have indicated that G proteins may be im-
portant second messengers during mammalian egg activa-many subsequent events of egg activation (Cuthbertson and
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tion. Stimulation of G proteins by microinjection of eggs liams et al., 1992), but it is unknown whether the other Gq
family G proteins are present.with GTPgS results in Ca2/ transients in the hamster
Previous work (Moore et al., 1994) has shown that micro-(Miyazaki, 1988) and CG exocytosis in the hamster and
injection of mouse eggs with antibodies raised against thesheep (Cran et al., 1988). Another experimental method of
C-terminal amino acids of Gq and G11 does not inhibitstimulating endogenous egg heterotrimeric G proteins con-
sperm-induced ZP conversion or the completion of meiosis.sists of overexpressing a G protein-coupled receptor in the
These ®ndings suggested that the Gq family of G proteinsegg and then activating the receptor with the appropriate
does not function in initiating egg activation at fertilizationligand. This type of overexpression system has been used
in mouse eggs. The identity of the speci®c Gq family Gto demonstrate that one can mimic early egg activation
proteins that these antibodies recognized in mouse eggs,events by activation of endogenous heterotrimeric G pro-
however, was not established. Also, the effects of these anti-teins in frogs (Kline et al., 1988) and star®sh (Shilling et al.,
bodies on the earliest known egg activation event, Ca2/1990, 1994). Similarly, mouse and porcine eggs overex-
release, were not examined. Furthermore, it was not estab-pressing the m1 muscarinic receptor, a G protein-coupled
lished in that study whether the antibodies actually inhib-receptor, undergo complete egg activation when stimulated
ited the function of Gq family G proteins. To test morewith the corresponding ligand, acetylcholine (ACh) (Wil-
de®nitively the function of Gq family G proteins in eggliams et al., 1992; Moore et al., 1993; Machaty et al., 1997).
activation during mouse fertilization, we injected mouseGDPbS, a metabolically stable analog of GDP that inhib-
eggs with a function-blocking antibody that was raisedits G protein activation, inhibits sperm-induced egg activa-
against the common C-terminus of Gq and G11 and thattion events in the sea urchin (Jaffe, 1990), hamster (Miya-
recognizes Gq, G11, and G14. We show that this antibodyzaki, 1988), and mouse (Moore et al., 1994). In the hamster,
effectively inhibits Gq family G proteins by demonstratingthe inhibition of Ca2/ release at fertilization by GDPbS
that the antibody inhibits acetylcholine-induced egg activa-could be bypassed by microinjection of IP3 (Miyazaki, 1988),
tion in mouse eggs expressing the human m1 muscarinicsuggesting that the GDPbS-sensitive step is upstream of
receptor. This same antibody preparation, however, has noIP3-mediated Ca2/ release. Likewise, in the mouse, the inhi-
signi®cant inhibitory effect on any sperm-induced egg acti-bition of ZP2 to ZP2f conversion by GDPbS could be by- vation events. Together, these data indicate that althoughpassed by application of a phorbol ester (Moore et al., 1994).
activation of Gq family G proteins can result in egg activa-These ®ndings, as well as the lack of inhibition by GDPbS
tion in the mouse, it is unlikely that these proteins areof sperm penetration of the ZP and egg plasma membrane
required for sperm-induced egg activation at fertilization.(Moore et al., 1994), indicate that GDPbS acts as an inhibi-
tor of an early event(s) in egg activation. It should be noted,
however, that this inhibition could be attributed to an effect
MATERIALS AND METHODSof GDPbS on any GTP-dependent cellular process. In addi-
tion, GDPbS may have inhibitory effects unrelated to G
Oocyte and Egg Collection and Cultureprotein function (Jaffe, 1990; Crossley et al., 1991).
The speci®c G protein(s) that may be involved in sperm-
Female and male CF-1 mice were obtained from Harlan Sprague±
induced activation of mammalian eggs is not known. Chol- Dawley (Wilmington, MA); C57BL/6J 1 SJL/J F1 males were ob-
era toxin (CT) treatment, which activates GS proteins (Gil- tained from Jackson Laboratory (Bar Harbor, ME). Fully grown, ger-
man, 1987), does not induce egg activation events in the minal vesicle (GV)-intact oocytes were collected as previously de-
hamster (Miyazaki, 1988) or mouse (Williams et al., 1992). scribed (Schultz et al., 1983; Mehlmann et al., 1994). The collection
medium was minimal essential medium (MEM) supplementedPertussis toxin (PT), a reagent that inhibits the function of
with pyruvate (100 mg/ml), gentamicin (10 mg/ml), polyvinylpyrroli-Gi family G proteins (Gilman, 1987), does not inhibit sperm-
done (3 mg/ml), and 25 mM Hepes, pH 7.2 (MEM/PVP), except forinduced egg activation events in hamster (Miyazaki, 1988)
the calcium experiments in which the MEM was supplementedor mouse (Moore et al., 1994). These data suggest that CT-
with penicillin G (120 units/ml), streptomycin sulfate (50 mg/ml),
and PT-sensitive G proteins are not likely to be involved 0.1% polyvinylalcohol (PVA, Sigma, St. Louis, MO), and 20 mM
in the egg activation pathway. Therefore, the most likely Hepes, pH 7.2 (MEM/PVA). To prevent GV breakdown, 0.25 mM
candidates for heterotrimeric G proteins involved in mouse dibutyryl cyclic AMP (dbcAMP, Sigma) was included in the me-
egg activation belong to the CT- and PT-insensitive Gq fam- dium (Cho et al., 1974). Before and after microinjection, oocytes
were cultured in CZB (Chatot et al., 1989) containing 0.25 mMily that includes Gq, G11, G14, and G15 (Hepler and Gilman,
dbcAMP and 5% fetal calf serum (FCS). Oocytes were matured1992). G proteins in this family can couple the stimulation
in CZB containing 5% FCS. The inclusion of FCS prevents theof seven-transmembrane receptors, including the m1 mus-
maturation-associated ZP changes that result in the ZP block tocarinic receptor, to PIP2 hydrolysis by activation of PLCb polyspermy (Ducibella et al., 1990), thus permitting these in vitroisoforms (Gutowski et al., 1991; Berstein et al., 1992; Of-
matured eggs to be inseminated. Metaphase II-arrested eggs were
fermanns et al., 1994). Gq, G11, and G14 mRNAs have been collected from superovulated mice in Whitten's medium (Whitten,
demonstrated by RT/PCR to be present in mouse eggs, 1971) supplemented with 0.01% PVA and 15 mM Hepes, pH 7.2
while G15 mRNA is not detected by this technique (Wil- (Whitten's/Hepes/PVA) and the cumulus cells were dispersed by
treatment with hyaluronidase (0.1%, Sigma) as previously de-liams et al., 1996). Gq protein is present in mouse eggs (Wil-
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scribed (Manejwala et al., 1989). For all experiments, oocytes or mg/ml). Specimens were observed with a Leica TCS 4D laser-scan-
ning confocal microscope.eggs were cultured at 377C in a humidi®ed atmosphere of either
5% CO2, 5% O2, and 90% N2 or 5% CO2 in air.
Preparation of Human m1 Muscarinic Receptor
Antibody Puri®cation mRNA
Rabbit preimmune serum and polyclonal anti-peptide antiserum DNA encoding the human m1 muscarinic receptor (hm1R)
#946 (Lounsbury et al., 1993) generated against the common C- (Bonner et al., 1987) inserted into the plasmid pBluescript II (Stra-
terminal 10 amino acids of Gq and G11 (Strathmann and Simon, tagene, La Jolla, CA) (Kline et al., 1988) was provided by Tom
1990) were gifts of Dave Manning, University of Pennsylvania Med- Bonner (NIH). Plasmid DNA was linearized with XhoI (Boehringer-
ical School. IgG was puri®ed from these sera using recombinant Mannheim, Indianapolis, IN) and then transcribed in vitro under
protein G±agarose (Life Technologies, Gaithersburg, MD). The IgG capping conditions (Titus, 1991) using T3 polymerase (Promega,
fraction of antibody #946 will be referred to as ``Gq/11 antibody'' Madison, WI). The mRNA was passed over a SpinX centrifuge ®lter
or ``immune IgG.'' Adsorbed Gq/11 antibody was prepared using a unit (Costar, Cambridge, MA) to remove unincorporated nucleo-
modi®ed immune peptide with an N-terminal cysteine (QCB, Hop- tides and then dried and resuspended in water to a ®nal concentra-
kinton, MA) that was bound to a thiol coupling gel column (QCB) tion of 2 mg/ml. The integrity of the mRNA was checked using a
according to the manufacturer's instructions. All IgGs were dia- 2% agarose±formaldehyde gel (Sambrook et al., 1989); a single band
lyzed against PBS and concentrated to 8±12 mg/ml using a Centri- of the expected 2.3-kb size was seen. The mRNA was stored in 2-
con-10 concentrator (Millipore, Bedford, MA). ml aliquots at 0807C.
Protein Extracts Oocyte Microinjection, Acetylcholine Stimulation,
and in Vitro FertilizationExtracts of COS cells expressing mouse Gq, G11, or G14 proteins
were provided by Anna Aragay (Universidad Autonoma de Madrid, For experiments in which we measured intracellular Ca2/, oo-
Spain). Mouse brain extract was prepared by homogenization of cytes were microinjected using a micropipet containing a droplet
brain tissue in buffer containing 100 mM NaCl, 20 mM NaPO4, of mercury to allow controlled and precisely quantitated injections
pH 7.5, 1% NP-40, 0.05 mM PMSF, 10 mg/ml leupeptin, and 10 mg/ (Hiramoto, 1984; Mehlmann and Kline, 1994). For all other experi-
ml pepstatin, followed by centrifugation at 5000g for 15 min at 47C. ments, injections were done using a nitrogen-driven pneumatic
Cumulus cell-free metaphase II-arrested mouse eggs were placed injector system (Kurasawa et al., 1989). For each injection, the pipet
directly into sample buffer. was front loaded with the appropriate volume of injection solution
(calibrated by calculating the volume of a cone with the diameter
and length of the ®lled portion of the pipet). Oocytes were microin-
Electrophoresis and Immunoblotting jected under mineral oil in drops of either MEM/PVA containing
0.25 mM dbcAMP or MEM/PVP containing 5% FCS and 0.25 mMProteins were denatured, separated on reducing sodium dodecyl
dbcAMP. For the Ca2/ measurements, the age of the eggs at thesulfate±polyacrylamide gels (Laemmli, 1970), and then electropho-
time of insemination or ACh treatment varied for individual eggs,retically transferred to Immobilon-P (Millipore) as previously de-
since several hours were required to complete the series of re-scribed (Jones and Schultz, 1990). Blots were blocked with 5% ®sh
cordings on each day.gelatin in TBS (10 mM Tris±HCl, pH 7.2, 150 mM NaCl) and then
Muscarinic receptor experiments. Oocytes were injected withincubated for 1 h in either preimmune IgG or Gq/11 antibody (2 mg/
8±10 pl of capped hm1R mRNA (2 mg/ml) to give a total of 16±ml in PBS containing 3% BSA and 0.1% Tween 20). Blots were
20 pg mRNA per oocyte. Following a recovery period of 1±2 h, thewashed in TBS containing 0.1% Tween 20 (TBST) or TBS con-
same oocytes were injected a second time as follows. For experi-taining 1% Triton X-100 and 0.5% deoxycholate (TBS/TX/DOC)
ments in which we measured intracellular Ca2/, oocytes were coin-and then incubated for 1 h in secondary antibody (horseradish per-
jected with IgG and Calcium Green-1 dextran (Ca2/ green, Molecu-oxidase-conjugated goat anti-rabbit IgG, Jackson ImmunoResearch,
lar Probes, Eugene, OR). In these experiments, the IgG concentra-West Grove, PA, 0.3 mg/ml in TBST). The blots were then washed
tion was 9.8 mg/ml and the Ca2/ green concentration was 0.17in TBST or TBS/TX/DOC, and immunoreactive proteins were de-
mM; injecting 12.5 pl of this mixture gave a ®nal concentration oftected using an ECL detection system (Amersham, Arlington
600 mg/ml of IgG and 10 mM Ca2/ green in the oocyte, assumingHeights, IL).
uniform distribution and an egg volume of 200 pl. For all other
muscarinic receptor experiments, oocytes were injected with 8 pl
of the various IgGs, which were all adjusted to a concentration ofIndirect Immuno¯uorescence
11.6 mg/ml in PBS except for the af®nity-puri®ed IgG that was 8.1
mg/ml. This resulted in a ®nal IgG concentration in the egg of 460The ZP was removed from metaphase II-arrested eggs by incuba-
tion for 15 s in acidic Tyrodes solution (pH 2.6); the eggs were mg/ml (320 mg/ml for af®nity-puri®ed IgG). After a 1- to 2-h recovery
period, oocytes were matured for 19±22 h in CZB containing 5%then washed twice in Whitten's/Hepes/PVA. The eggs were ®xed
and prepared for indirect immuno¯uorescence as previously de- FCS. For intracellular Ca2/ measurements, the resulting metaphase
II-arrested eggs were washed free of FCS and placed in a 10-ml dropscribed (Evans et al., 1995). Primary antibody was preimmune IgG
(10 mg/ml) or Gq/11 antibody (10 mg/ml) previously incubated with of CZB under mineral oil. A basal Ca2/ level was recorded (see
below) and 5 ml of 30 mM ACh (Sigma), diluted in CZB, was addedeither speci®c peptide (100 mg/ml) or the equivalent volume of
water for 2 h at room temperature. Secondary antibody was Texas while monitoring Ca2/. Assuming uniform mixing, the ACh con-
centration in the drop was 10 mM. Based on our previous studies,red-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, 3
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this concentration would generate a maximal egg activation re-
sponse (Williams et al., 1992). For all other muscarinic receptor
experiments, the matured eggs were washed free of FCS and treated
for 60 min with 10 mM ACh in CZB. The eggs were then washed
free of ACh and cultured in CZB for 19 h.
In vitro fertilization experiments. IgG injections were carried
out as described above. Following microinjection, oocytes were
transferred either to CZB medium containing 5% FCS and 0.25
mM dbcAMP or to fresh MEM/PVA containing 0.25 mM dbcAMP.
After a recovery period of 1 h, oocytes were matured 14±16 h in
CZB medium containing 5% FCS. For experiments in which we
measured intracellular Ca2/, the ZP were removed from the re-
sulting metaphase II-arrested eggs using acidic Tyrode's solution
(pH 2.6). A single egg was placed under mineral oil in a 90-ml drop
of Whitten's medium containing no BSA. To prevent movement
of the egg during sperm addition and Ca2/ measurement, the eggs
were lightly attached to the coverslip forming the base of the cham-
ber using Cell-Tak (Collaborative Research, Bedford, MA). A base-
line Ca2/ level was obtained (see below), and then 10 ml of sperm
suspension was added to the drop containing the egg. The ®nal
sperm concentration was approximately 2±5 1 105 sperm/ml. For
all other experiments, ZP-intact eggs were washed free of FCS and
fertilized in vitro as previously described (Moore et al., 1993).
Calcium Measurement
Eggs containing 10 mM Ca2/ green were placed in drops of me-
dium (see above) under mineral oil in a Leiden chamber (Medical
Systems Corp., Greenvale, NY). The chamber was placed on the FIG. 1. Immunoblots of mouse eggs, mouse brain, and COS cells
stage of an inverted microscope (Diaphot-TMD, Nikon Inc., Mel- expressing mouse Gq, G11, or G14. (A) Immunoblots of 400 eggs
ville, NY) in a Peltier heating unit (Model TC-202, Medical Systems per lane (10 mg protein) probed with the Gq/11 antibody (Gq/11 ) or
Corp.) with a laminar ¯ow of 5% CO2 in air over the chamber. The preimmune IgG (PI). The arrow indicates the Gq/11 band at 42
Ca2/ green ¯uorescence was excited using a 100-W halogen lamp kDa. This band was not present in the lane probed with preimmune
operated at 40±70 W and a ¯uorescein ®lter set (Model B-2E, IgG (PI). Similar results were obtained in three separate blots, ex-
Chroma Technology, Brattleboro, VT), and the eggs were imaged cept that the prominent band at Mr 55,000 in the preimmune lane
using a 401/0.75 N.A. objective. Emitted light was measured using was not seen reproducibly. (B) Immunoblot of COS cells expressing
a silicon photodetector (Model 71882, Oriel Instruments, Stratford, Gq (q), G11 (11), or G14 (14), 750 mouse eggs (E, 19 mg protein),
CT) and the detector output was recorded on a chart recorder and mouse brain (Br, 2 mg) probed with the Gq/11 antibody.
(Model 220, Gould Instrument Systems, Valley View, OH).
Assessment of Egg Activation Counts in ZP2f were then expressed as a percentage of the total
counts in ZP2 / ZP2f.Second polar body (PB II) emission was assessed using bright-
®eld microscopy 3 h after ACh treatment or 4 h after insemination.
Pronuclear (PN) formation was assessed using bright-®eld micros-
copy during the 19 h after ACh treatment or 22 h after insemina- RESULTS
tion. The ZP were then isolated and radioiodinated as previously
described (Kurasawa et al., 1989) except that iodination was per- Identi®cation and Localization of Gq Family G
formed using 30 mCi 125I (ICN, Costa Mesa, CA) in the presence of Proteins in Metaphase II-Arrested Eggs
1.5 mg/ml chloramine T (Sigma) for 75 s. The proteins of each
individual ZP were separated on 10% polyacrylamide gels under To determine which members of the Gq family of G pro-
reducing conditions that result in the comigration of ZP2f and ZP3 teins were present in mouse eggs we used an anti-peptide
(Bleil et al., 1981; Endo et al., 1987). The gels were dried, and for antibody raised against the 10 common C-terminal amino
each ZP the counts running in the band representing ZP2 and the acids of Gq and G11 (Lounsbury et al., 1993). This antibodyband representing the combination of ZP2f and ZP3 were obtained recognized recombinant mouse Gq and G11, as well as G14using a Molecular Dynamics (Sunnyvale, CA) PhosphorImager 425.
(Fig. 1B), whose C-terminus has 8 of 10 amino acids identi-On nonreducing gels where ZP2f and ZP3 can be separated (Bleil
cal to those used to generate the Gq/11 antibody (Wilkie etet al., 1981) the counts in ZP3 were consistently12% of the total
al., 1991). Preimmune IgG did not recognize these recombi-counts in ZP2 / ZP3 (data not shown). Therefore, the counts in
nant proteins (data not shown). An immunoblot of mouseZP2f were obtained under reducing conditions by subtracting the
counts represented by ZP3 from the counts in the ZP2f/ ZP3 band. eggs showed that the Gq/11 antibody recognized a band of
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FIG. 2. Localization of Gq family G proteins in metaphase II-arrested eggs by confocal microscopy. A total of at least eight eggs were
examined in each group, and similar results were seen in all cases. Representative examples are shown. (A) Preimmune IgG control. (B)
Gq family G proteins detected with the Gq/11 antibody. Note the enhanced ¯uorescence at the plasma membrane when compared to A
and C. (C) Control in which Gq/11 antibody was previously incubated with speci®c peptide.
Mr 42,000 that was not recognized by the preimmune IgG als and Methods), 70±100% of the eggs injected with hm1R
mRNA activated in response to application of 10 mM ACh(Fig. 1A). The band speci®cally detected by the Gq/11 anti-
body in mouse eggs comigrated with a band in the mouse (Tables 1 and 2 and Fig. 4). The effect of microinjection of
the Gq/11 antibody on four indicators of egg activation (i.e.,brain extract and with Gq and G11 expressed in COS cells
(Fig. 1B). No immunoreactive species were detected in the changes in intracellular Ca2/, conversion of the ZP protein
ZP2 to the ZP2f form, PB II emission, and PN formation)mouse eggs or the mouse brain extract that comigrated with
recombinant mouse G14 (Fig. 1B). These results indicate that was then examined.
Intracellular Ca2/ was monitored by coinjection of Ca2/mouse eggs contain Gq and/or G11, but probably not G14.
Indirect immuno¯uorescent detection of Gq family G green. Fluorescence of single eggs was measured with a pho-
todetector to obtain a record of intracellular Ca2/ followingproteins in metaphase II-arrested eggs was then per-
formed using the Gq/11 antibody. Preimmune IgG gave a ACh addition. In eggs injected with hm1R mRNA, ACh
addition resulted in a series of oscillating elevations of Ca2/,very faint cytoplasmic staining pattern (Fig. 2A). In con-
trast, the Gq/11 antibody showed a pattern of staining lo- similar to those occurring following fertilization (Fig. 3).
Under our experimental conditions, application of 10 mMcalized to the egg plasma membrane (Fig. 2B). This signal
was speci®c for Gq family G proteins since it was not
seen in the preimmune control or with peptide-adsorbed
Gq/11 antibody (Figs. 2A and 2C).
TABLE 1
Partial Inhibition by the Gq/11 Antibody of Ca2/ Release in
Microinjection of Gq/11 Antibody Inhibits Egg Response to Stimulation of the m1 Muscarinic Receptor
Activation in Response to Stimulation of the m1
Fraction of eggs showingMuscarinic Receptor
each response (%)
Antibodies raised against C-terminal peptides of G pro-
mRNA Ca2/ 1±2 Ca2/ Notein a subunits have been used successfully to inhibit G
injected IgG oscillationsa transientsb responsecprotein function in a variety of systems (Meinkoth et al.,
1992; Yang et al., 1993; LaMorte et al., 1993). To establish No None 0/6 (0) 0/6 (0) 6/6 (100)
that the Gq/11 antibody was an effective inhibitor of Gq fam- Yes None 5/5 (100) 0/5 (0) 0/5 (0)
Yes Preimmune 15/19 (79) 4/19 (21) 0/19 (0)ily G protein function in mouse eggs, we tested its effect
Yes Immune 5/18d (28) 4/18 (22) 9/18d (50)on egg activation in response to stimulation of the m1 mus-
carinic receptor, which is known to couple to Gq family a These eggs showed an initial Ca2/ rise followed by at least twoG proteins (Gutowski et al., 1991; Berstein et al., 1992;
Ca2/ oscillations.
Offermanns et al., 1994). As previously described, microin- b These eggs showed one or two Ca2/ transients which did not
jection of oocytes with hm1R mRNA results in eggs that continue.
can be activated by ACh; this effect is mediated by a CT- c No Ca2/ rise was seen during an 11- to 29-min recording period.
and PT-insensitive G protein (Williams et al., 1992; Moore d Signi®cant differences between immune and preimmune IgG
groups; x2 analysis, P  0.01.et al., 1993). Using this experimental paradigm (see Materi-
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TABLE 2 Inhibition of ACh-induced egg activation in the musca-
Inhibition by the Gq/11 Antibody of PB II and PN Formation rinic receptor system by the Gq/11 antibody indicates that
in Response to Stimulation of the m1 Muscarinic Receptor egg activation in this system requires the presence of func-
tional Gq family G proteins. It is unknown why the inhibi-Fraction of eggs forming PB II tion of Ca2/ release was partial, while the inhibition of later
or PN (%)
events was complete. Several explanations are possible.
First, the age of the eggs at the time of ACh treatmentIgG PB II PN
varied, since several hours were required to complete the
None 23/24(96) 23/24 (96) series of recordings on each day. It is known that eggs be-
Nonimmune 29/31 (94) 28/31 (90) come more sensitive to activating agents with increasing
Preimmune 20/24 (83) 19/24 (79) time post-hCG (Xu et al., 1997). Second, the method of
Adsorbed 23/28 (82) 13/28a (46)
adding ACh to eggs undergoing calcium measurements in-Immune 0/67b (0) 0/67b (0)
volved adding 30 mM ACh to a drop on the microscopeAf®nity puri®ed 0/4 (0) 0/4 (0)
stage so that a ®nal concentration of 10 mM was achieved.
a Signi®cant differences between adsorbed IgG and the following However, if mixing was not instantaneous, the initial con-
IgG groups: none, nonimmune, preimmune; x2 analysis, P  0.05. centration of ACh to which each egg was exposed could
b Signi®cant differences between immune IgG and the following have varied. Third, each calcium record was continued for
IgG groups: none, nonimmune, preimmune, adsorbed; x2 analysis, 30 min, and within this time the Gq/11 antibody showedP  0.001. no inhibitory effect in 5 of the 18 antibody-injected eggs.
ACh to eggs not expressing the hm1R did not produce a
Ca2/ rise (Table 1, Fig. 3).
In eggs expressing the hm1R and injected with preim-
mune IgG, 79% (15/19) of the eggs produced Ca2/ oscilla-
tions in response to 10 mM ACh while the other eggs pro-
duced a single Ca2/ rise without oscillations (Table 1, Fig.
3). In contrast, eggs injected with the Gq/11 antibody pro-
duced an oscillating Ca2/ response in only 28% (5/18) of
the cases (Table 1, Fig. 3). Twenty-two percent (4/18) of the
eggs showed a single Ca2/ rise, and 50% (9/18) showed no
Ca2/ response (Table 1, Fig. 3). These results demonstrate
that the Gq/11 antibody signi®cantly inhibited Ca2/ release
in response to stimulation of the hm1R.
When the degree of conversion of ZP2 to ZP2f in response
to ACh treatment was evaluated in these eggs, the nonim-
mune, preimmune, and adsorbed IgG groups had levels of
ZP2 conversion very similar to those of control oocytes
injected with hm1R mRNA but not injected with IgG (Fig.
4). Microinjection of eggs with either the Gq/11 antibody or
af®nity-puri®ed Gq/11 antibody, however, resulted in com-
plete inhibition of ZP2 to ZP2f conversion in response to
ACh. These eggs had only baseline levels of ZP2 conversion
similar to that seen in noninjected control eggs treated with
ACh (Fig. 4) or control eggs injected with hm1R mRNA and
nonimmune IgG but not treated with ACh (data not shown).
Likewise, PB II emission in response to ACh was not
affected by microinjection of control IgGs, while both
Gq/11 antibody and af®nity-puri®ed Gq/11 antibody com-
pletely inhibited this response (Table 2). Similar results
FIG. 3. Partial inhibition by the Gq/11 antibody of Ca2/ releasewere seen when PN formation was examined, except that
in response to stimulation of the m1 muscarinic receptor. Chartthe adsorbed IgG appeared to decrease PN formation to
recordings of Ca2/ green ¯uorescence intensity as a function of
about half of the level seen with the nonimmune and preim- time are shown. The arrows indicate the times of ACh addition.
mune controls (Table 2). The partial inhibitory effect of the Representative records of individual eggs microinjected with (1)
adsorbed IgG could be due to incomplete removal of the hm1R mRNA and preimmune IgG, (2) hm1R mRNA and Gq/11
speci®c IgG fraction or possibly due to toxicity from the antibody, or (3) noninjected eggs. The three Gq/11 antibody records
represent the three categories of responses in Table 1.peptide af®nity column (e.g., unbound peptide).
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interaction that occurs when ZP-intact eggs are insemi-
nated.
Eggs injected with the Gq/11 antibody showed a normal
series of Ca2/ transients at fertilization in 14/15 (93%) of
the eggs (Table 3, Fig. 5). To examine further whether the
Gq/11 antibody had any inhibitory effect on the Ca2/ oscilla-
tions at fertilization, several other parameters were evalu-
ated: time from insemination to the ®rst Ca2/ transient,
duration of the ®rst transient, and the oscillation period of
the transients (Table 3). No differences in these parameters
were seen between the preimmune IgG- and Gq/11 antibody-
injected eggs. In addition, the degree of conversion of ZP2
to ZP2f at fertilization was similar in all treatment groups
(Fig. 6), and the Gq/11 antibody had no inhibitory effect on
PB II emission or PN formation (Table 4). These results
indicate that the release of Ca2/, the ZP2 to ZP2f conver-
sion, and cell cycle resumption that occur in response to
stimulation by the fertilizing sperm do not require the pres-
ence of a functional Gq family G protein.
FIG. 4. Inhibition by the Gq/11 antibody of the conversion of ZP2
to ZP2f in response to stimulation of the m1 muscarinic receptor. DISCUSSION
The experiment was performed at least twice for each treatment
group, except for the experiment using the af®nity-puri®ed anti-
In the present study, we used a function-blocking Gq/11body that was conducted once. In each experiment however, the
antibody in order to test the hypothesis that Gq family Gimmune IgG was included as a positive control. The numbers above
proteins are involved in mouse egg activation. We showthe bars represent the total numbers of individual ZP evaluated for
the particular group and the results are expressed as means { SE. that Gq and/or G11 are present in metaphase II-arrested
None, no IgG injected; NI, nonimmune; PI, preimmune; AD, ad- mouse eggs, while G14 is not detectable. We also demon-
sorbed; IM, immune; AP, af®nity puri®ed. strate that inhibition of Gq family G proteins using this
However, we cannot say whether subsequent Ca2/ oscilla- TABLE 3
tions continued normally and, if so, were suf®cient to in- Lack of Effect of the Gq/11 Antibody on Sperm-Induced
duce later events of egg activation. In any case, the inhibi- Ca2/ Release
tion of ACh responses demonstrates that this particular
Fraction of eggs showing each responseGq/11 antibody, under the conditions used in these experi-
(%) or mean { SE (n, number of eggs)ments, is able to inhibit the function of Gq family G proteins
in mouse eggs and therefore can be used to examine the Ca2/ response Preimmune IgG Immune IgG
effect of inhibiting Gq family G proteins during mouse fertil-
Ca2/ oscillationsa 8/14 (57) 14/15 (93)ization.
1±2 Ca2/
transientsb 6/14 (43) 1/15 (7)
Microinjection of Gq/11 Antibody Does Not Inhibit No response 0 (0) 0 (0)
Time to ®rstEgg Activation in Response to Fertilization
transient (min)c 8.3 { 1.5 (n  12) 10.1 { 1.9 (n  14)
We next determined if functional Gq family G proteins Duration of ®rst
are required for sperm-induced egg activation during mouse transient (min)d 2.7 { 0.6 (n  14) 4.2 { 0.6 (n  15)
fertilization. Gq/11 antibody was microinjected into GV-in- Time between
oscillationstact oocytes; noninjected oocytes and preimmune and pep-
(min)e 12.2 { 1.6 (n  11) 11.7 { 1.2 (n  15)tide-adsorbed IgG-injected oocytes served as controls. For
determination of intracellular Ca2/ levels, oocytes were a These eggs showed an initial Ca2/ rise followed by at least twocoinjected with Ca2/ green at the time of IgG injection. The
Ca2/ oscillations.
oocytes were then matured and inseminated, and the same b These eggs showed one or two Ca2/ transients which did not
indicators of egg activation outlined above were examined. continue.
For experiments measuring intracellular Ca2/ following in- c Time between insemination and the ®rst detectable Ca2/ rise.
semination, ZP-free eggs were used in order to minimize d Time between the initial Ca2/ rise and the return to baseline.
e Average time between the rise of each Ca2/ transient.the variability of the time to sperm±egg plasma membrane
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Polyclonal antibodies directed against the extreme C-
terminal peptides of G protein a subunits likely block func-
tion by ``uncoupling'' the targeted G protein from its recep-
tor (Hamm et al., 1988; Onrust et al., 1997). Results of
mutagenesis studies and evaluations of the crystal struc-
ture of G proteins bound to receptors indicate that the C-
terminus, as well as a portion of the N-terminus, is a region
of the G protein a subunit that interacts with its cognate
receptor (Hamm et al., 1988; Onrust et al., 1997). Antibody
binding to these regions would, therefore, likely disrupt
this interaction and prevent either association of the a sub-
unit with the receptor or activation of the a subunit as a
result of ligand stimulation of the receptor. Examples of
successful uses of this approach include microinjection of
GS antibody into thyroid follicular cells in order to inhibit
thyrotropin-induced DNA synthesis (Meinkoth et al.,
1992), microinjection of Gi antibody into rat hepatocytes
to inhibit EGF-induced Ca2/ transients (Yang et al., 1993),
FIG. 5. Lack of effect of the Gq/11 antibody on the sperm-induced and microinjection of Gi2 and Gq/11 antibodies into mouseCa2/ response. Chart recordings of Ca2/ green ¯uorescence inten- and rat ®broblasts to inhibit mitogenic effects of thrombinsity as a function of time are shown. The arrows indicate the time
and bradykinin (LaMorte et al., 1993). The present experi-of sperm addition. Representative records of individual eggs mi-
ments show that this approach can be used to inactivatecroinjected with (1) preimmune IgG or (2) Gq/11 antibody.
the Gq family G proteins present in mouse eggs.
It is not surprising that Gq family G proteins appear to
mediate ACh-induced egg activation in this heterologous
antibody results in signi®cant inhibition of ACh-induced muscarinic receptor system. Previous work had demon-
egg activation in eggs overexpressing the m1 muscarinic strated that ACh-induced egg activation in this system is
receptor. These results indicate that mouse eggs can be acti- mediated by PT-insensitive G proteins (Williams et al.,
vated via activation of Gq family G proteins and also that 1992; Moore et al., 1993). Of the Gq and Gi family G proteins
the Gq/11 antibody is capable of blocking Gq family G protein that are known to couple to the m1 muscarinic receptor
function in mouse eggs. In contrast, this same antibody has (Kaneko et al., 1992; Kleuss et al., 1991; Berstein et al., 1992;
no effect on sperm-induced mouse egg activation during Offermanns et al., 1994), only the Gq family G proteins are
fertilization, suggesting that Gq family G protein function PT insensitive (Pang and Sternweis, 1990). It is likely that
is not required for this process. activation of Gq family G proteins in this system results
in the stimulation of PLCb by the a and/or bg subunits,
resulting in hydrolysis of PIP2 and production of IP3 and
DAG, second messengers that then induce the downstream
events required for complete egg activation.
Since microinjection of mouse eggs with the Gq/11 anti-
body does not result in inhibition of egg activation events
TABLE 4
Lack of Effect of the Gq/11 Antibody on Sperm-Induced PB II and
PN Formation
Fraction of eggs forming PB II
or PN (%)
IgG PB IIa PNa
None 43/47 (91) 41/47 (87)
Adsorbed 27/28 (96) 27/28 (96)
FIG. 6. Lack of effect of the Gq/11 antibody on the sperm-induced Immune 23/25 (92) 22/25 (88)
conversion of ZP2 to ZP2f. Results are expressed as means { SE of Af®nity puri®ed 31/33 (94) 29/33 (88)
two experiments. Numbers above the bars represent the total num-
bers of ZP evaluated for the particular group. C, control noninjected; a No signi®cant differences between any of the groups, x2 analy-
sis, P  0.05.PI, preimmune; AD, adsorbed; I, immune; AP, af®nity puri®ed.
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during fertilization, sperm do not appear to require Gq fam- inhibition has no effect on the time between sperm addition
and Ca2/ release. If Gq is partially responsible for Ca2/ re-ily G proteins in order to initiate egg activation. Although
these results indicate strongly that Gq family G proteins do lease, we would have expected to observe some delay.
If heterotrimeric G proteins are not important in regulat-not function in initiating egg activation at fertilization, we
cannot absolutely exclude this possibility. Successful fertil- ing Ca2/ release at fertilization in mammalian eggs, how
can previous reports of GDPbS inhibition of Ca2/ releaseization requires a dramatic signal ampli®cation from a sin-
gle small region of the egg surface that interacts with the (Miyazaki, 1988) and ZP modi®cation (Moore et al., 1994)
at fertilization be explained? Although GDPbS has beensperm plasma membrane (Schultz and Kopf, 1995). It is pos-
sible that the Gq stimulus provided by the sperm is stronger used to inhibit heterotrimeric G proteins (see references in
Zera et al., 1996), GDPbS would in theory inhibit otherthan that provided by the ACh, such that the inhibitory
antibody is suf®cient to suppress egg activation in response GTP-binding proteins and this could account for the inhibi-
tion by GDPbS of Ca2/ release at fertilization.to ACh, but not in response to sperm. Another possibility
is that the sperm could utilize G14 instead of Gq or G11 when Whether heterotrimeric G proteins have a role in other
aspects of egg activation at fertilization remains uncertain.those proteins are inhibited by the Gq/11 antibody. It is not
likely, however, that the sperm can activate G14 protein A previous study using PT to inhibit Gi family G proteins
(Moore et al., 1994), as well as the present study using anin the presence of the Gq/11 antibody. Although the Gq/11
antibody has not been shown directly to inhibit G14 protein, antibody to inhibit Gq family G proteins, indicates that nei-
ther of these two G protein families is likely to function inthe antibody is polyclonal, and the C-terminus of G14 (Wil-
kie et al., 1991) differs by only two amino acids from that stimulating the resumption of meiosis. However, phos-
ducin, an inhibitor of G protein bg subunits, partially inhib-of Gq and G11 used to generate the antibody. In addition,
the antibody recognizes G14 protein on immunoblots but its the resumption of meiosis (Moore et al., 1994), implying
that bg subunits participate in this process. Which G pro-fails to detect G14 in mouse eggs. For these reasons, it is
likely that the small amount of G14 protein that could be tein a subunit might be associated with such a bg subunit is
not clear, although G12 and G13, which can have mitogenicpresent in mouse eggs would be inhibited by the Gq/11 anti-
body. effects (Prasad et al., 1994, 1995), are potential candidates.
Diffusion of an activating substance from the sperm cyto-Alternatively, different PT-insensitive G proteins could
be used either instead of or in the absence of Gq, G11, and plasm to the egg at the time of sperm±egg membrane fusion
has also been proposed as a possible mechanism of egg acti-G14 to activate PLC during sperm-induced egg activation.
One candidate for this role is G15, a member of the Gq family vation. Microinjected sperm cytosolic factors can stimulate
some events of egg activation in many species, includingthat is also known to activate PLC (Offermanns and Simon,
1995) and that should not be inhibited by the Gq/11 antibody sea urchin (Dale et al., 1985), hamster (Swann, 1990), mouse
(Parrington et al., 1996), and cow (Wu et al., 1997). A ham-since the C-terminus is distinct from that of Gq (Wilkie et
al., 1991). No G15 mRNA, however, is detected in mouse ster sperm protein, oscillin, was recently proposed as a can-
didate molecule that may mediate these effects (Parringtonoocytes or eggs (Williams et al., 1996), so it is unlikely that
the protein is expressed in these cells. G protein bg subunits et al., 1996). Microinjection of recombinant oscillin, how-
ever, does not induce Ca2/ oscillations (Wolosker et al.,are also known to activate PLC (Camps et al., 1992; Katz
et al., 1992), and mRNAs encoding many of the b and g 1998). A second candidate sperm protein, the truncated
form of the c-kit receptor tyrosine kinase, can induce eggsubunits are present in mouse eggs (Williams et al., 1996).
The bg subunits do not appear to activate PLC at fertiliza- activation when microinjected into mouse eggs (Sette et
al., 1997). Neither of these proteins, however, has yet beention since phosducin, an inhibitor of G protein bg subunit
function, does not inhibit the ZP2 to ZP2f conversion shown to be required for sperm-induced egg activation.
It has also been proposed that a receptor-coupled or cyto-(Moore et al., 1994). Other PT-insensitive G proteins for
which the corresponding mRNAs have been shown pre- plasmic protein tyrosine kinase activity may activate PLCg
to produce the second messengers involved in egg activationviously to be expressed in mouse eggs (Williams et al., 1996)
include GS, G12, G13, GZ, and sGi2, a splice variant of Gi2 at fertilization. In the star®sh, activation of PLCg is re-
quired for sperm-induced Ca2/ release (Carroll et al., 1997).(Montmayeur and Borrelli, 1994). However, none of these
G proteins has been shown to activate PLC. PLCg has been shown by immunoblotting to be present in
mouse eggs (Dupont et al., 1996), but PLCg function hasIn light of the present experiments in which Gq family
proteins were inhibited with an antibody, and earlier experi- not been shown to be required for egg activation in any
mammalian system. In the sea urchin, tyrosine phosphory-ments in which Gi family proteins were inhibited with per-
tussis toxin and bg subunits with phosducin (Moore et al., lation occurs within seconds after fertilization (Ciapa and
Epel, 1991), and in the mouse, characteristic changes in1994), it appears that Ca2/ release at fertilization of mouse
eggs does not involve activation of PLCb by a G protein. protein tyrosine phosphorylation occur within several
hours after fertilization (Endo et al., 1986). Although treat-Nevertheless, we cannot exclude the possibility that Gq,
Gi, and bg subunits all participate in PLCb activation at ment of mouse eggs with protein tyrosine kinase inhibitors
delays the initiation of Ca2/ oscillations after inseminationfertilization, such that inhibition of one of the three has no
discernible effect. This seems unlikely though, since Gq (Dupont et al., 1996), possible nonspeci®c effects of these
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Carroll, D. J., Ramarao, C. S., Mehlmann, L. M., Roche, S., Tera-inhibitors on the eggs and/or sperm make interpretation of
saki, M., and Jaffe, L. A. (1997). Ca2/ release at fertilization inthese results uncertain. In addition, protein tyrosine phos-
star®sh eggs is mediated by phospholipase Cgamma. J. Cell Biol.phorylation can occur through multiple signaling pathways,
138, 1303±1311.including activation of cytoplasmic tyrosine kinases by G
Chatot, C. L., Ziomek, C. A., Bavister, B. D., Lewis, J. L., and Tor-protein a (Bence et al., 1997) or bg subunits (van Biesen et
res, I. (1989). An improved culture medium supports develop-
al., 1995). Thus, the occurrence of tyrosine phosphorylation ment of random-bred 1-cell mouse embryos in vitro. J. Reprod.
does not speci®cally implicate any particular upstream sig- Fertil. 86, 679±688.
nal transduction pathway in the initiation of egg activation. Cho, W. K., Stern, S., and Biggers, J. D. (1974). Inhibitory effect of
In summary, the long-standing question of what initiates dibutyryl cAMP on mouse oocyte maturation in vitro. J. Exp.
activation at fertilization of mammalian eggs remains unan- Zool. 187, 383±386.
Ciapa, B., and Epel, D. (1991). A rapid change in phosphorylationswered. The present paper concludes that Gq family proteins
on tyrosine accompanies fertilization of sea urchin eggs. FEBSare probably not involved. The Gq family proteins present
Lett. 295, 167±170.in mouse eggs may, however, be important in mediating
Cran, D. G., Moor, R. M., and Irvine, R. F. (1988). Initiation of thesignaling in early development following fertilization, since
cortical reaction in hamster and sheep oocytes in response torecent evidence indicates a role for IP3 and calcium signaling inositol trisphosphate. J. Cell Sci. 91, 139±144.during development (Kume et al., 1997), and Gq family G Crossley, I., Whalley, T., and Whitaker, M. (1991). Guanosine 5*-
proteins are among the regulators of IP3 production. thiotriphosphate may stimulate phosphoinositide messenger
production in sea urchin eggs by a different route than the fertiliz-
ing sperm. Cell Regul. 2, 121±133.
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